US009203518B2

a2 United States Patent
Ishii

US 9,203,518 B2
Dec. 1, 2015

(10) Patent No.:
(45) Date of Patent:

(54) OPTICAL TRANSMITTER AND WAVEFORM

COMPENSATION METHOD
(75) Inventor: Toshio Ishii, Yokohama (JP)
(73) Assignee: FUJITSU OPTICAL COMPONENTS
LIMITED, Kawasaki (JP)
(*) Notice: Subject to any disclaimer, the term of this
patent is extended or adjusted under 35
U.S.C. 154(b) by 115 days.
(21) Appl. No.: 13/561,552
(22) Filed: Jul. 30, 2012
(65) Prior Publication Data
US 2013/0084065 A1l Apr. 4,2013
(30) Foreign Application Priority Data
Sep. 29,2011 (JP) cooeieciceee 2011-215553
(51) Imt.ClL
H04B 10/08 (2006.01)
H04B 10/50 (2013.01)
H04B 10/564 (2013.01)
(52) US.CL
CPC ........... H04B 10/505 (2013.01); H04B 10/564
(2013.01)
(58) Field of Classification Search
None
See application file for complete search history.
(56) References Cited

U.S. PATENT DOCUMENTS

6,359,720 Bl 3/2002 Yamada

6,873,801 B1* 3/2005 Yamakietal. ......... 398/198

7,801,450 B2 9/2010 Abe et al.
2004/0028099 Al* 2/2004 Hongoetal. ... 372/38.02
2004/0208514 Al* 10/2004 Zhangetal. ............... 398/25
2008/0107428 Al* 5/2008 Abeetal. ... .. 398/187
2009/0324255 Al 12/2009 Nakamoto

FOREIGN PATENT DOCUMENTS

JP 10-27931 1/1998

JP 2000-221457 8/2000

JP 2003-163639 6/2003

JP 2004-61556 2/2004

WO 2006/048944 5/2006

WO 2008/126276 Al  10/2008
OTHER PUBLICATIONS

Japanese Office Action issued Feb. 3, 2015 in corresponding Japa-
nese Patent Application No. 2011-215553.

* cited by examiner

Primary Examiner — Ken Vanderpuye
Assistant Examiner — David Lambert
(74) Attorney, Agent, or Firm — Staas & Halsey LLP

(57) ABSTRACT

An optical transmitter includes an EA modulator, a photocur-
rent detection circuit, a modulator drive circuit, and a CPU.
The EA modulator converts an input signal into an optical
signal and outputs the optical signal. The photocurrent detec-
tion circuit detects an optical absorption current (a photocur-
rent) in the EA modulator. The modulator drive circuit con-
trols the EA modulator. The CPU calculates a voltage to be
applied to the modulator drive circuit based on the optical
absorption current detected by the photocurrent detection
circuit.

5,706,116 A *  1/1998 Sugata .......cccceeverenene 398/182
5,706,117 A * 1/1998 Imaietal. .......ccocoo..... 398/197
5917,637 A * 6/1999 Ishikawaetal. .............. 398/197 4 Claims, 11 Drawing Sheets
¢
OPTICAL TRANSMITTER 15
{
15a~*;v'
13 EA MODULATOR -\L)-b
1 12 ¢ 14 t,
t, t, MODULATOR

DRIVE CIRCUIT

PHOTOCURRENT

DETECTION
CIRCUIT

cPy 182
OPERATION
CIRCUIT

VOLTAGE
:ﬁt\@'\me T
T

MEMORY 18b




U.S. Patent Dec. 1, 2015 Sheet 1 of 11 US 9,203,518 B2

FIG.1

10

OPTICAL TRANSMITTER 15

153’\* -4
13 EA MODULATOR —r(li

12 { 14 t,
1 t, | mopuLator | t,
DRIVE CIRCUIT L1 16

-
—

—+

i PHOTOCURRENT
DETECTION [17
19~0 18 CIRCUIT
§
18a
cPu § VOLTAGE
—Z | OPERATION LEVEL |

A

f[ CIRCUIT INDICATING I, _-[__
A

MEMORY [~18b




U.S. Patent Dec. 1, 2015 Sheet 2 of 11 US 9,203,518 B2

... WITHOUT g— WITH
* COMPENSATION COMPENSATION
19.30
19.28 -~ D
O
E 19.26 - D B
19.24 [7---mmmmmmmmmrmmmr s
19.22 :
190 700
Vin [mvdpp]
e WITHOUT g— WITH
¢ COMPENSATION COMPENSATION
0.90
0.80
2
g 0.70
>'U
0.60 [r---mmmmmmmm oo
0.50 :
190 700
Vin [mvdpp]



US 9,203,518 B2

U.S. Patent Dec. 1, 2015 Sheet 3 of 11
t;HIGH-SPEED | 1, INPUTTO | t;INPUTTOEA | ‘s OPTICAL
SIGNAL INPUT | DRIVE CIRCUIT | “MODULATOR WAVEFORM
LARGE- 2 .
AMPLE- | {7 LA A /4 N L SR W 74 "\
IL%I?J!'EI' c2 c2 c2"
c3 c4 c3 c4
J c3' c4' R
SMALL- [ \\/ " X .................. X ................................. 3 V.
AMPLI- o
TUDE G
INPUT
(SAME AS ON (SAME AS
LEFT) ‘ ABOVE)
{
(SAME AS ABOVE,
COMPENSATION
MADE BY
ARITHMETIC

OPERATION)



U.S. Patent

CROSS-POINT [%]

ER [dB]

70

60

50

40

30

15
14
13
12
11
10

Dec. 1, 2015 Sheet 4 of 11 US 9,203,518 B2
... WITHOUT O— WITH
* COMPENSATION COMPENSATION
T .
[Tt &;“““‘““‘““"‘12 '''''' 5 -----------
190 700
Vin [depp]
o... WITHOUT g— WITH
* COMPENSATION COMPENSATION
e 2 e
aenREEEEEEEEE ;:::-‘-""' ““““““““““““““““““
190 700



U.S. Patent Dec. 1, 2015 Sheet 5 of 11 US 9,203,518 B2

FIG.5

20
§
OPTICAL TRANSMITTER o5
210 25a
PD Y=
” EA MODULATOR —Q—>
21 22 ¢ 24
o > Sl 5
MODULATOR
DRIVE CIRCUIT 26 287
> PHOTOCURRENT
DETECTION |
CIRCUIT
206~0 2g8
CcPU 28a
v
OPERATION __.2 —
CIRCUIT _’j j
A A
MEMORY [~_,g,  VOLTAGE LEVEL INDICATING I,




U.S. Patent

Dec. 1, 2015 Sheet 6 of 11
210 25
§ {
EA
PD MODULATOR
L,
27a
28
g A 4
CPU 20a
[ OPERATION i
”| CIRCUIT g /"L\Vs

US 9,203,518 B2



U.S. Patent Dec. 1, 2015 Sheet 7 of 11 US 9,203,518 B2

a... WITHOUT o WITH
* COMPENSATION COMPENSATION
70
S e
- 60 ""
8 50 ___----___-----:'-'”'::-’ --------------------------------
5 = o
w
1 e
@)
]
BEFORE [, AFTER Im
VARIATION VARIATION
(-10%)
OPTICAL POWER VALUE Im
... WITHOUT O WITH
* COMPENSATION COMPENSATION
15
O ]
R 10 SEr R ) .":._.{ ..............................
)
K
x
Lu 5 ettt bttt ‘L:: ---------------
E 3
1
BEFORE | | AFTER Im
VARIATION VARIATION
(-10%)

- OPTICAL POWER VALUE | |



U.S. Patent Dec. 1, 2015 Sheet 8 of 11 US 9,203,518 B2

30
§
OPTICAL TRANSMITTER 35
320 35a S
PD Y3
” EA MODULATOR —Q+
31 32 ( 34
— Y
>4
MODULATOR
DRIVE CIRCUIT 36 3%7
> PHOTOCURRENT
DETECTION |-
CIRCUIT
39~0 38 IRCUI
§
cPU 3a
v
OPERATION — —
CIRCUIT _’f i
A A
MEMORY N_sg,  VOLTAGE LEVEL INDICATING I,




U.S. Patent Dec. 1, 2015 Sheet 9 of 11 US 9,203,518 B2

381b
{
WAVELENGTH WAVELENGTH
OPTICAL
WAVELENGTH CORRECTION CORRECTION
CHANNEL CH COEFFICIENT B, COEFFICIENT C_,,
OF OPTICAL POWER | OF PHOTOCURRENT
CH1 BCH1 CCH1
CH, Bowo Cemz
CH, Bes Cons
CH” BCHn CCHn




U.S. Patent Dec. 1, 2015 Sheet 10 of 11 US 9,203,518 B2

40
§
OPTICAL TRANSMITTER

411

THERMISTOR
45
420 45a S

— PD Y=
p EA MODULATOR —O—>
41 42 ¢ 44
- — 5
MODULATOR
DRIVE CIRCUIT 46 487
] PHOTOCURRENT
DETECTION |
s . CIRCUIT
§
CPU 48a
\ 4 A 4 K
OPERATION 1 1
CIRCUIT _’i i
F-N A
MEMORY [\_4g,  VOLTAGE LEVEL INDICATING I,




U.S. Patent

Dec. 1, 2015 Sheet 11 of 11 US 9,203,518 B2
481b
§
TEMPERATURE TEMPERATURE
TE?AEPTEERCATT'?L?RE CORRECTION CORRECTION
VALUE T COEFFICIENT B, COEFFICIENT C,
OF OPTICAL POWER | OF PHOTOCURRENT

TO TO T1 BT1 CT1
T'l TO T2 BT2 CT2
T2 TO TS BT3 CTS
Tn-1 TO Tn BTn CTn




US 9,203,518 B2

1
OPTICAL TRANSMITTER AND WAVEFORM
COMPENSATION METHOD

CROSS-REFERENCE TO RELATED
APPLICATION

This application is based upon and claims the benefit of
priority of the prior Japanese Patent Application No. 2011-
215553, filed on Sep. 29, 2011, the entire contents of which
are incorporated herein by reference.

FIELD

The embodiments discussed herein are directed to an opti-
cal transmitter and a waveform compensation method.

BACKGROUND

An optical transmitter modulates an input signal having a
predetermined waveform with the use of an optical modula-
tor, and outputs the modulated signal as optical power having
a predetermined waveform. An optical output waveform
depends largely on a waveform of an input signal, and there-
fore, it is difficult for the optical transmitter to be sufficiently
tolerant to variation in the amplitude of an input signal. Con-
sequently, conventionally, the optical transmitter generates a
signal independent of amplitude variation with the use of an
interface circuit or the like, and then causes the optical modu-
lator to compensate a waveform which has been degraded
through a modulator drive circuit. Thus the optical transmitter
can obtain a uniform optical output waveform regardless of
the amplitude of an input signal. Such a configuration as
described above is often adopted especially for an optical
transmitter mounted with an electro absorption (EA) modu-
lator aimed at long-distance transmission.

Patent document 1: Japanese Laid-open Patent Publication
No. 2003-163639

Patent document 2: International Publication Pamphlet
No. WO 2006/048944

Patent document 3: Japanese Laid-open Patent Publication
No. 10-27931

Patent document 4: Japanese Laid-open Patent Publication
No. 2000-221457

However, when the above-described interface circuit is
mounted on the optical transmitter, packaging efficiency is
reduced, and it becomes difficult to achieve downsizing by
high-density packaging and low power consumption. There-
fore, an optical transmitter without an interface circuit is
desired; however, such an optical transmitter does not gener-
ate a signal independent of variation in the amplitude, and
variation in the amplitude directly appears as variation in an
optical output waveform. As a result, the tolerance to ampli-
tude variation is significantly reduced. Especially, when the
amplitude of an input signal is small, a shift amount of a
cross-point in a waveform of a signal input to an optical
modulator is not consistent with extinction characteristics of
the optical modulator, and the cross-point sometimes does not
fall within an allowable range (on or around 50%) in the
optical output waveform. This is a factor that inhibits a stable
coding error characteristic before and after long-distance
transmission.

SUMMARY

According to an aspect of the embodiments, an optical
transmitter includes: an optical modulator that converts an
input signal into an optical signal and outputs the optical
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signal; a current detection circuit that detects an optical
absorption current in the optical modulator; a drive circuit
that drives the optical modulator; and a processor that calcu-
lates a voltage to be applied to the drive circuit based on the
optical absorption current detected by the current detection
circuit.

The object and advantages of the invention will be realized
and attained by means of the elements and combinations
particularly pointed out in the claims.

It is to be understood that both the foregoing general
description and the following detailed description are exem-
plary and explanatory and are not restrictive of the invention.

BRIEF DESCRIPTION OF DRAWINGS

FIG.1is a diagram illustrating a configuration of an optical
transmitter according to a first embodiment;

FIG. 2A is a diagram illustrating an example of an obser-
vation result of a relationship between an input voltage value
and a photocurrent value;

FIG. 2B is a diagram illustrating an example of an obser-
vation result of a relationship between an input voltage ampli-
tude value and a cross-point control voltage value;

FIG. 3 is a diagram illustrating a signal waveform depend-
ing on the amplitude of an input signal;

FIG. 4A is a diagram illustrating an observation result of a
cross-point according to the first embodiment;

FIG. 4B is a diagram illustrating an observation result of an
extinction ratio ER according to the first embodiment;

FIG. 5 is a diagram illustrating a configuration of an optical
transmitter according to a second embodiment;

FIG. 6 is a diagram illustrating a configuration of a photo-
current detection circuit according to the second embodi-
ment;

FIG. 7A is a diagram illustrating an observation result of a
cross-point according to the second embodiment;

FIG. 7B is a diagram illustrating an observation result of an
extinction ratio ER according to the second embodiment;

FIG. 8 is a diagram illustrating a configuration of an optical
transmitter according to a third embodiment;

FIG. 9 is a diagram illustrating an example of storage of
data in a wavelength-based V,, value correction table
according to the third embodiment;

FIG. 10 is a diagram illustrating a configuration of an
optical transmitter according to a fourth embodiment; and

FIG. 11 is a diagram illustrating an example of storage of
data in a temperature-based V,,, value correction table
according to the fourth embodiment.

DESCRIPTION OF EMBODIMENTS

Preferred embodiments will be explained with reference to
accompanying drawings.

Incidentally, the optical transmitter and waveform com-
pensation method according to the present invention are not
limited to the embodiments below.

[a] First Embodiment

First, a configuration of an optical transmitter according to
an embodiment of the present invention is explained. FIG. 1
is a diagram illustrating a configuration of an optical trans-
mitter 10 according to a first embodiment. As illustrated in
FIG. 1, the optical transmitter 10 includes input terminals 11
and 12, a modulator drive circuit 13, an input terminal 14, an
electro absorption (EA) modulator 15, an input terminal 16, a
photocurrent detection circuit 17, a central processing unit
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(CPU) 18, and an input terminal 19. These components are
connected so as to input/output a signal or data unidirection-
ally or bidirectionally.

The input terminal 11 receives a signal from the outside to
the optical transmitter 10 and outputs the received signal to
the input terminal 12. The input terminal 12 receives the
signal output from the input terminal 11 and outputs the
received signal to the modulator drive circuit 13. The modu-
lator drive circuit 13 has drive control of the EA modulator 15
in accordance with an electrical signal received from the input
terminal 12. The input terminal 14 receives a signal output
from the modulator drive circuit 13 and outputs the received
signal to the subsequent EA modulator 15. The EA modulator
15 is an electro absorption modulator that receives a direct-
current light generated in a laser diode (LLD) 154, converts an
electrical signal into an optical signal, and outputs the optical
signal. The input terminal 16 receives an optical signal output
from the photocurrent detection circuit 17 and outputs the
received optical signal to the EA modulator 15.

The photocurrent detection circuit 17 detects an amount of
current generated with absorption of light in the EA modula-
tor 15 as a photocurrent value I, from a supply line L1 of bias
voltage applied to the preceding EA modulator 15. The pho-
tocurrent detection circuit 17 converts the detected photocur-
rentvalue I, into a voltage level and outputs the voltage level.
The CPU 18 has variable control of a cross-point control
voltage to be output to the modulator drive circuit 13 based on
a result of an operation performed by an operation circuit 18a
so that the voltage level based on the photocurrent value 1,
detected by the photocurrent detection circuit 17 is kept at a
constant level. The input terminal 19 supplies a cross-point
control voltage depending on a change in an optical absorp-
tion current detected by the photocurrent detection circuit 17
to the modulator drive circuit 13.

Subsequently, the operating principles of the optical trans-
mitter 10 are explained. A bias voltage (an EA bias voltage) is
applied to the EA modulator 15; at this time, an optical
absorption current proportional to an amount of light absorp-
tion by the EA modulator 15 flows through the input terminal
16 on the voltage supply line 1. A current amount of this
optical absorption current is proportional to an amount of
light absorption by the EA modulator 15; therefore, when
optical power of a light input from the LD 154 to the EA
modulator 15 is constant, if optical output power is increased,
a light absorption rate is decreased, and an amount of optical
absorption current is also decreased. On the other hand, an
amount of optical absorption current decreases with a rise of
a cross-point of an optical output waveform. This rise of the
cross-point causes variation in a duty ratio and degradation of
the optical output waveform. Therefore, the optical transmit-
ter 10 has feedback control of the cross-point and keeps an
amount of optical absorption current constant, thereby
obtaining an optical output waveform that is less likely to vary
due to the amplitude of an input signal.

More specifically, the photocurrent detection circuit 17
detects an amount of optical absorption current, converts a
result of the detection into a voltage level, and outputs the
voltage level to the subsequent CPU 18. The CPU 18 calcu-
lates an optimum cross-point control voltage with reference
to a value of an optical absorption current amount when a
cross-point takes an optimum value which has been stored in
a memory 185 in advance. Namely, the CPU 18 compares a
photocurrent value L,;, which is the converted voltage level,
with a reference value 1,, of a photocurrent (an optical
absorption current amount) stored in the memory 1856, and
calculates a difference between them. The CPU 18 calculates
a value of a cross-point control voltage V ;. when the differ-
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ence AL,(=1,,-L,,) is zero. The cross-point control voltage
V ... 18 applied to the modulator drive circuit 13 via the input
terminal 19. Incidentally, the CPU 18 is used as an example of
a processor; alternatively, for example, a general-purpose
processor can be used.

A cross-point control voltage V ;. is controlled based on a
photocurrent 1,,; a relationship between the cross-point con-
trol voltage V;,, and the photocurrent 1,,, is explained. FIG.
2A is a diagram illustrating an example of an observation
result of a relationship between an input voltage value and a
photocurrent value; FIG. 2B is a diagram illustrating an
example of an observation result of a relationship between an
input voltage amplitude value and a cross-point control volt-
age value. A cross-point control voltage is controlled to be a
value illustrated in FIGS. 2A and 2B based on a photocurrent
value identified by the medium of an input voltage value. In
FIG. 2A, the horizontal axis indicates an input voltage V,,
(unit: mV ,, ), and the vertical axis indicates a photocurrent
value (unit: mA). As illustrated in FIG. 2A, regardless of
whether the amplitude of an input signal is large or small, a
photocurrent value 1, is kept at a constant value (19.26 mA)
by waveform compensation; consequently, a cross-point con-
trol voltage value V, , takes a value which varies depending
on the amplitude of an input signal as illustrated in FIG. 2B.
Specifically, a cross-point control voltage value V ,,, is con-
trolled to be 0.79 V at the time of small-amplitude input of
V,,=190 mV ,,,, and controlled to be 0.68 V at the time of
large-amplitude input of V, =700 mV .

Namely, when the optical transmitter 10 does not make
waveform compensation, in other words, when a cross-point
control voltage value V,,, is constantly kept at 0.68 V (see
FIG. 2B), a photocurrent value 1,,, takes a value which varies
depending on the amplitude of an input signal (19.28 mA and
19.26 mA) (see FIG. 2A). In this manner, a cross-point also
varies with dependence on variation in the amplitude of an
input signal. On the other hand, when the optical transmitter
10 makes waveform compensation, a cross-point control volt-
age value V,,, varies so that a photocurrent value L,, is kept
constant regardless of whether the amplitude of an input
signal is large or small. By suppressing variation in a photo-
current value, variation in a cross-point is suppressed. As a
result, a stable optical output waveform is maintained.

FIG. 3 is a diagram illustrating signal waveforms at the
time of large-amplitude input and at the time of small-ampli-
tude input. In FIG. 3, the horizontal axis indicates atime t, and
the vertical axis indicates a voltage level or power level of a
signal. As illustrated in FIG. 3, at a time point t, (see FIG. 1),
regardless of whether large-amplitude input or small-ampli-
tude input, cross-points c1, c2 and cross-points ¢3, c4 are both
approximately 50%. Furthermore, as the optical transmitter
10 does not include an interface circuit, also at a time point t,
(see FIG. 1), a waveform at the time of small-amplitude input
is not shaped (does not undergo waveform regeneration), and
the same waveform as at the time point t; is maintained. After
that, at a time point t; when a signal is input to the EA
modulator 15 (see FIG. 1), cross-points c1', ¢2' and cross-
points c¢3', c4' rise to around 75%. In an example illustrated in
FIG. 3, a cross-point rises higher as the amplitude of an input
optical signal is smaller, and accordingly, a value of average
power rises, and an amount of optical absorption current (a
photocurrent value) in the EA modulator 15 decreases. In the
optical transmitter 10, a voltage applied to the modulator
drive circuit 13 is feedback-controlled; therefore, values of
the cross-points c3', c4' are adjusted to be the same value
(about 75%) as the cross-points c1', c2'. Consequently, an
optical output waveform at a time point t, (see FIG. 1) is
independent of the amplitude of an input signal, and is main-
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tained in a waveform in which cross-points ¢1", ¢2" and c3",
c4" take a value of about 50%.

FIG. 4A is a diagram illustrating an observation result of a
cross-point according to the first embodiment. In FIG. 4A, the
horizontal axis indicates an input voltage V,, (unit: mV ),
and the vertical axis indicates a cross-point (unit: %). As
illustrated in FIG. 4A, at the time of large-amplitude input of
a cross-point takes a value of about 50%
regardless of whether with or without waveform compensa-
tion; at the time of small-amplitude input of V,, =190 mV ,,,
avalue of a cross-point is improved from about 60% to about
50% by waveform compensation. The same effect can apply
to an extinction ratio ER. FIG. 4B is a diagram illustrating an
observation result of an extinction ratio ER according to the
first embodiment. In FIG. 4B, the horizontal axis indicates an
input voltage V,,, (unit: mV ,, ), and the vertical axis indicates
an ER value (unit: dB). As illustrated in FIG. 4B, at the time
of large-amplitude input of V,,=700 mV,,,, an ER takes a
value of about 13 dB regardless of whether with or without
waveform compensation; at the time of small-amplitude input
ofV,,=190mV ,, , an ER value is improved from about 12 dB
to about 13 dB by waveform compensation. Namely, in the
optical transmitter 10, a voltage to be applied to the modulator
drive circuit 13 is feedback-controlled based on an amount of
optical absorption current in the EA modulator 15, thereby
variation in a cross-point or extinction ratio due to the ampli-
tude of an input signal is suppressed. As a result, an optical
signal with a stable waveform is output, and variation in
optical receive power is suppressed.

As explained above, the optical transmitter 10 includes the
EA modulator 15, the photocurrent detection circuit 17, the
modulator drive circuit 13, and the CPU 18. The EA modu-
lator 15 converts an input signal into an optical signal, and
outputs the optical signal. The photocurrent detection circuit
17 detects an optical absorption current in the EA modulator
15. The CPU 18 calculates a voltage to be applied to the
modulator drive circuit 13 based on the optical absorption
current detected by the photocurrent detection circuit 17. The
modulator drive circuit 13 controls the EA modulator 15
using the applied voltage calculated by the CPU 18. Thus the
optical transmitter 10 automatically compensates an optical
output waveform in accordance with variation in an amount
of optical absorption current. Therefore, regardless of varia-
tion in the amplitude of an input signal, an optical output
waveform with stabled cross-points can be obtained. In other
words, the optical transmitter 10 has a sufficient amplitude
tolerance to variation in an input signal. Consequently, the
optical transmitter 10 can express stable coding error charac-
teristics before and after long-distance transmission. In addi-
tion, the optical transmitter 10 can tolerate relatively great
variation in the line length from an ASIC/SerDes (Applica-
tion Specific Integrated Circuit/Serializer Deserializer), so it
is possible to increase the number of on-board modules per
unit.

Furthermore, the optical transmitter 10 does not include an
interface circuit, so it is possible to achieve downsizing of the
device and low power consumption. Moreover, the optical
transmitter 10 utilizes the EA bias voltage supply line L1
which is a signal line essential for control of the EA modula-
tor 15, so the optical transmitter 10 does not have to branch or
couple an optical signal in generation and output of the optical
signal. Consequently, the optical transmitter 10 is not subject
to the influence of, for example, a branching ratio of a pho-
tocoupler or a loss caused by signal branch and variation in
the loss. Therefore, it is not necessary to add a new component
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or supply electric power for eliminating the influence. As a
result, it is possible to reduce a footprint and power consump-
tion.

[b] Second Embodiment

Subsequently, a second embodiment is explained. FIG. 5 is
adiagram illustrating a configuration of an optical transmitter
20 according to the second embodiment. As illustrated in
FIG. 5, the optical transmitter 20 has about the same configu-
ration as the optical transmitter 10 illustrated in FIG. 1 except
that the optical transmitter 20 further includes a photo diode
(PD) 210. Therefore, in the second embodiment, components
in common with the first embodiment are denoted by refer-
ence numerals of which the trailing number is the same as that
is in the first embodiment, and detailed description of the
components is omitted. What the second embodiment differs
from the first embodiment is that when optical power supplied
from an LD 25a is not constant, the optical transmitter 20 has
control of a cross-point control voltage V ,, ., while taking into
account the variation in optical power. Namely, in the first
embodiment, there is described the case where optical power
supplied from the LD 154 is constant; on the other hand, in the
second embodiment, there is assumed a case where optical
power from the LD 254 is increased or decreased, resulting in
the occurrence of variation in a photocurrent. In this case, the
optical transmitter 20 has difficulty in making a distinction
between the variation in a photocurrent and variation in a
photocurrent associated with variation in a cross-point, and
may vary a cross-point control voltage V ,,, in response to the
former variation in a photocurrent to which the optical trans-
mitter 20 does not normally have to respond. With reference
to FIGS. 6, 7A, and 7B, the operation of this optical transmit-
ter 20 in the second embodiment is explained below with a
focus on differences with the first embodiment.

The PD 210 serves as an LD back power detector that
detects optical power (back power) of the LD 254. The PD
210 outputs a value of the detected optical power to an opera-
tion circuit 28a of a CPU 28. The CPU 28 corrects a result of
calculation made by the operation circuit 28a depending on a
decrease or increase in optical power of the LD 25aq, thereby
maintaining a cross-point control voltage V,, causing a
cross-point to fall within a predetermined range regardless of
variation in optical power. Specifically, an initial value I,,,, of
the optical power has been stored in a memory 286 in
advance, and the CPU 28 calculates aratio A (=1,,,,/1,,,) of an
optical power value I, input from the PD 210 to the initial
value 1,,,,. Furthermore, the CPU 28 corrects a value of Al,
using an equation of AL=L,-(1,oxA). Then, the CPU 28
calculates a value of cross-point control voltage V ,,,, causing
AL, to be zero. The cross-point control voltage V,,, is applied
to a modulator drive circuit 23 via an input terminal 29.

FIG. 6 is a diagram illustrating a configuration of a photo-
current detection circuit 27 according to the second embodi-
ment. As illustrated in FIG. 6, the photocurrent detection
circuit 27 includes a monitor resistance 27q with a resistance
value R,,,,,. As described above, when optical power of the
LD 25a varies, a photocurrent also varies; at this time, in the
photocurrent detection circuit 27, voltage drop in the monitor
resistance 27a may vary due to the variation in the photocur-
rent. In this case, if a value of EA bias control voltage V| is
constant, a value of EA bias voltage V_, applied to an EA
modulator 25 varies, and there is fear that an optical output
waveform may be degraded and also a photocurrent may vary.
Therefore, in the optical transmitter 20 according to the sec-
ond embodiment, it is preferable that the CPU 28 corrects a
value of EA bias control voltage V using the ratio A and the
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following equation (1). A value of EA bias voltage V_,, is kept
ata constant value by this correction. As a result, degradation
of the optical output waveform is suppressed.

ey

Incidentally, in the above equation (1), V, denotes a value
(an initial value) of EA bias control voltage before optical
power of the LD 254 varies; V, denotes a value of EA bias
control voltage after the variation in optical power of the LD
25a. Therefore, a value of EA bias control voltage, which has
been V , before the variation in optical power, is corrected to
V.=V, with the variation.

FIG. 7A is a diagram illustrating an observation result of a
cross-point according to the second embodiment. In FIG. 7A,
the horizontal axis indicates an optical power value 1,,, and
the vertical axis indicates a cross-point (unit: %). As illus-
trated in FIG. 7A, when there is no variation in optical power
value [, a cross-point takes a value of about 50% regardless
of whether with or without waveform compensation; when
the optical power value I, varies by —10%, a value of the
cross-point is improved from about 60% to about 50% by
waveform compensation. Such an effect can apply similarly
to an extinction ratio ER. FIG. 7B is a diagram illustrating an
observation result of an extinction ratio ER according to the
second embodiment. In FIG. 7B, the horizontal axis indicates
an optical power value I, , and the vertical axis indicates an
ER value (unit: dB). As illustrated in FIG. 7B, when there is
no variation in optical power value I, an ER takes a value of
about 13 dB regardless of whether with or without waveform
compensation; when the optical power value I, varies by
-10%, an ER value is improved from about 4 dB to about 13
dB by waveform compensation. Namely, in the same manner
as the optical transmitter 10, also in the optical transmitter 20,
a voltage applied to the modulator drive circuit 23 is feed-
back-controlled based on an amount of optical absorption
current in the EA modulator 25, thereby variations in cross-
point and extinction ratio due to the amplitude of an input
signal are suppressed. As aresult, an optical signal with stable
waveform is output, and variation in optical receive power is
suppressed.

As explained above, the optical transmitter 20 further
includes the PD 210. The PD 210 detects optical power of
light input to the EA modulator 25. The CPU 28 calculates a
voltage to be applied to the modulator drive circuit 23 based
on an optical absorption current detected by the photocurrent
detection circuit 27 and the optical power detected by the PD
210. Consequently, the optical transmitter 20 does not recog-
nize variation in optical power erroneously as variation in a
cross-point. Therefore, the optical transmitter 20 can main-
tain a predetermined optical output waveform in which a
cross-point is located on or around 50% without any influence
of variation in optical power (back power) from the LD 25a.
As a result, the reliability of the optical transmitter 20 is
improved.

Vo1 =Vt R ponx Lo (1-A4)

[¢] Third Embodiment

Subsequently, a third embodiment is explained. FIG. 8 is a
diagram illustrating a configuration of an optical transmitter
30 according to the third embodiment. As illustrated in FIG.
8, the optical transmitter 30 has about the same configuration
as the optical transmitter 20 illustrated in FIG. 5 except that
the optical transmitter 30 uses a tunable laser diode (LD) 354
instead of the LD 25a. Therefore, in the third embodiment,
components in common with the second embodiment are
denoted by reference numerals of which the trailing number
is the same as that is in the second embodiment, and detailed
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description of the components is omitted. What the third
embodiment differs from the second embodiment is that
when light supplied from the tunable LD 354 has a plurality of
different wavelengths, the optical transmitter 30 has control
of a cross-point control voltage V,, while taking into
account the variation in wavelength. Namely, in the second
embodiment, there is described a case where the wavelength
of a light supplied from the LD 25a is constant (a fixed
wavelength); on the other hand, in the third embodiment,
there is assumed a case where the wavelength of a light
emitted from the tunable LD 354 varies. In this case, a cou-
pling loss between the tunable LD 354 and a PD 310 is
increased or decreased, so optical power (back power) of the
tunable LD 354 also varies. Furthermore, with the variation in
light wavelength, extinction (optical absorption) characteris-
tics of an EA modulator 35 vary due to the difference in light
wavelength. This variation in extinction characteristics
causes variation in a photocurrent, so the use of the tunable
LD 35a causes an error in control of a cross-point by the
optical transmitter 30, and this may vary the cross-point con-
trol voltage V ;.. With reference to FIG. 9, the operation of
this optical transmitter 30 in the third embodiment is
explained below with a focus on differences with the second
embodiment.

The tunable LD 35a is a full-band tunable LD capable of
outputting a plurality of different wavelengths of lights in
wide wavelength bands formed by a wavelength division
multiplex (WDM) system with one module. Ina memory 385,
awavelength correction coefficient B, of optical power (LD
back power) from the tunable LD 35a¢ and a wavelength
correction coefficient C of a photocurrent are stored with
respect to each light wavelength channel CH. A CPU 38
corrects a result of calculation made by an operation circuit
38a depending on variation in wavelength of light from the
tunable LD 354, thereby maintaining a cross-point control
voltage V ,,,, causing a cross-point to fall within a predeter-
mined range regardless of variation in light wavelength.

FIG. 9 is a diagram illustrating an example of storage of
data in a wavelength-based V ,,, value correction table 3815
according to the third embodiment. As illustrated in FIG. 9,
the wavelength-based V ,,, value correction table 3815 has a
WDM wavelength channel storage area, an optical-power
wavelength correction coefficient storage area, and a photo-
current wavelength correction coefficient storage area. In
these storage areas, a wavelength correction coefficient B,
of optical power from the tunable LD 354 and a wavelength
correction coefficient C,, of a photocurrent are stored in a
manner to be associated with a light wavelength channel CH.
Light wavelength channels CH are stored in the wavelength
channel storage area at intervals of a wavelength of 400 pm or
800 pm in accordance with ITU-T (G.694.1). Data stored in
the wavelength-based V ,,,, value correction table 3815 can be
arbitrarily updated depending on a change in a correspon-
dence relationship between a wavelength channel and a light
wavelength.

The CPU 38 calculates respective values of 1, ,'=1, ,xB 7,
and 1,,'=1,0XC¢yy, based on wavelength correction coeffi-
cients B ,,, C oz, corresponding to CH,, (n is a natural num-
ber) with reference to the wavelength-based V ,, value cor-
rection table 3815. Furthermore, the CPU 38 corrects a value
of Al using an equation of AL =1, ;'~(L,,'xA). Then, the CPU
38 calculates a value of cross-point control voltage V ;. caus-
ing AL, to be zero. The cross-point control voltage V. is
applied to a modulator drive circuit 33 via an input terminal
39.

As explained above, the optical transmitter 30 further
includes the tunable LD 354 that generates a difterent wave-
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length of light and outputs the generated light to the EA
modulator 35. The CPU 38 calculates a voltage to be applied
to the modulator drive circuit 33 based on an optical absorp-
tion current detected by a photocurrent detection circuit 37
and the wavelength of light. Consequently, the waveform
compensation technique using the above-described operation
can also support an optical transmitter mounted with an ele-
ment that generates a different wavelength of light. Therefore,
the optical transmitter 30 can output a light with a waveform
in which a cross-point is located on or around 50% without
any influence of variation in wavelength of light emitted from
the tunable LD 35a (LD wavelength). As a result, the reliabil-
ity of the optical transmitter 30 is improved.

[d] Fourth Embodiment

Subsequently, a fourth embodiment is explained. FIG. 10 is
adiagram illustrating a configuration of an optical transmitter
40 according to the fourth embodiment. As illustrated in FIG.
10, the optical transmitter 40 has about the same configura-
tion as the optical transmitter 20 illustrated in FIG. 5 except
that the optical transmitter 40 further includes a thermistor
411. Therefore, in the fourth embodiment, components in
common with the second embodiment are denoted by refer-
ence numerals of which the trailing number is the same as that
is in the second embodiment, and detailed description of the
components is omitted. What the fourth embodiment differs
from the second embodiment is that when temperature con-
trol on an EA modulator 45 and an LD 454 is not performed,
the optical transmitter 40 has control of a cross-point control
voltage V. while taking into account variation in ambient
temperature. In the second embodiment, there is described a
case where the ambient temperature is stable, i.e., it is con-
trolled so that the temperature is kept constant by a Peltier
element or the like. However, in recent years, some optical
transmitters are configured not to have the above-described
temperature control to reduce power consumption in confor-
mity with the request of power saving. Furthermore, a wave-
length of light has the property of shortening as the absolute
temperature rises. So, in the fourth embodiment, there is
assumed a case where a wavelength of light emitted from the
LD 45a varies unexpectedly with a change in temperature.

Also in the above case, the same phenomenon as in the
third embodiment arises. Namely, a coupling loss between
the LD 454 and a PD 410 is increased or decreased, so optical
power (back power) of the LD 45a also varies. Furthermore,
with the variation in light wavelength, extinction (optical
absorption) characteristics of the EA modulator 45 vary due
to the difference in light wavelength. This variation in extinc-
tion characteristics causes variation in a photocurrent, so the
use of the LD 454 causes an error in control of a cross-point
by the optical transmitter 40, and as a result, the cross-point
control voltage V ,,,, may vary. With reference to FIG. 11, the
operation of this optical transmitter 40 in the fourth embodi-
ment is explained below with a focus on differences with the
second embodiment.

As the thermistor 411 is a well-known commonly-used
temperature measurement circuit, detailed description of the
thermistor 411 is omitted. The thermistor 411 detects the
absolute temperature near the EA modulator 45 and the LD
45a using a change in electric resistance due to a change in
temperature (predetermined temperature resistance charac-
teristics). In a memory 485, a temperature correction coeffi-
cient B, of optical power (LD back power) from the LD 45a
and a temperature correction coefficient C,of a photocurrent
are stored with respect to each detected temperature value T
detected by the thermistor 411. A CPU 48 corrects a result of

15

20

25

40

45

50

55

10

calculation made by an operation circuit 48a depending on
variation in light wavelength with a change in temperature,
thereby maintaining a cross-point control voltage V ,,,, caus-
ing a cross-point to fall within a predetermined range regard-
less of the change in temperature.

FIG. 11 is a diagram illustrating an example of storage of
data in a temperature-based V ,,, value correction table 4815
according to the fourth embodiment. As illustrated in FIG. 11,
the temperature-based V ;,, value correction table 4815 has a
detected temperature value storage area, an optical-power
temperature correction coefficient storage area, and a photo-
current temperature correction coefficient storage area. In
these storage areas, a temperature correction coefficient B of
optical power from the LD 45q and a temperature correction
coefficient C, of a photocurrent are stored in a manner to be
associated with a detected temperature value T detected by
the thermistor 411. The predetermined hierarchy is set in the
detected temperature value T; for example, when a detected
temperature value T takes a value in a range of “T, to T,”, the
CPU 48 reads out “B,” as a temperature correction coeffi-
cient of optical power and reads out “C,,” as a temperature
correction coefficient of a photocurrent. Furthermore, when a
detected temperature value T is in a range of “T,,_; to T, ”, the
CPU 48 reads out “B,” as a temperature correction coeffi-
cient of optical power and reads out “C,” as a temperature
correction coefficient of a photocurrent. Incidentally, data
stored in the temperature-based V ,, value correction table
4815 can be arbitrarily updated depending on a change in
installation environment of the optical transmitter 40 or the
presence or absence of temperature control by the Peltier
element or the like.

The CPU 48 calculates respective values of [ ,"=I, ,xB,
and [,,"=1,,xC,, based on temperature correction coeffi-
cients B, C, corresponding to T,, (n is a natural number)
with reference to the temperature-based V ,,,, value correction
table 4815. Furthermore, the CPU 48 corrects a value of AI,
using an equation of AL,=L,,"-(I,,"xA). Then, the CPU 48
calculates a value of cross-point control voltage V . causing
AL, to be zero. The cross-point control voltage V ,,, is applied
to a modulator drive circuit 43 via an input terminal 49.

As explained above, the optical transmitter 40 further
includes the thermistor 411 that detects a temperature inside
the optical transmitter 40. The CPU 48 calculates a voltage to
be applied to the modulator drive circuit 43 based on an
optical absorption current detected by a photocurrent detec-
tion circuit 47 and the temperature detected by the thermistor
411. Consequently, the optical transmitter 40 can respond
also to a change in temperature inside the device. Namely, the
optical transmitter 40 can output a light with a waveform in
which a cross-point is located on or around 50% without any
influence of variation in light wavelength (LD wavelength)
with a change in temperature.

In the fourth embodiment, the optical transmitter 40
absorbs variation in a photocurrent due to a change in tem-
perature, so the thermistor 411 is installed in the device; it is
preferable to install the thermistor 411 near the LD 454 in the
optical transmitter 40 from the perspective of making wave-
form compensation with a high degree of accuracy. More
preferably, it’s better to install the thermistor 411 between the
EA modulator 45 and the LD 45a. When the installation point
of the thermistor 411 is between the EA modulator 45 and the
LD 45a, the thermistor 411 can accurately detect a tempera-
ture affecting, especially, the light wavelength. Therefore, the
optical transmitter 40 makes waveform compensation based
on the temperature, thereby the influence of variation in light
wavelength with a change in temperature can be efficiently
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eliminated. As a result, the reliability of waveform compen-
sation made by the optical transmitter 40 is improved.

Incidentally, in the above embodiments, as external factors
that causes variation in a photocurrent and degradation of an
output waveform, variation in the amplitude of an input sig-
nal, variation in optical power output from the LD, variation
in wavelength of light output from the LD, and variation in
ambient temperature are assumed. However, the above fac-
tors are not limited to these, and, for example, can be the
wavelength of an input signal, variation in the amplitude of an
optical signal, or a combination of any of these.

Furthermore, in the above embodiments, as for the rela-
tionship between a cross-point control voltage value V ,,, and
a photocurrent value L,,, when the optical transmitter
increases a cross-point control voltage value V,,,, a photo-
current value I, also increases with the increase in'V ,,,, (see
FIGS. 2A and 2B). However, the V,;,,~1,,, characteristics dif-
fer by circuit configuration of the photocurrent detection cir-
cuit or the modulator drive circuit, and the above correlative
relationship does not always have to be established. For
example, the optical transmitter can adopt a circuit configu-
ration in which a photocurrent value 1,,, decreases with an
increase in a cross-point control voltage value V..

Moreover, in the above description, the different configu-
rations and operations among the embodiments are
explained. However, the optical transmitter according to each
embodiment can further include a component unique to
another embodiment. Furthermore, the combination of
embodiments is not limited to a combination of two embodi-
ments, and any other forms, such as a combination of three or
more embodiments, can be taken. For example, in the above
description, in the third embodiment, there is described the
form in which the optical transmitter 20 according to the
second embodiment adopts the tunable LD 35a; however, the
third embodiment can be applied regardless of whether with
or without the PD, and can be combined with the optical
transmitter 10 according to the first embodiment. The same
holds true for the fourth embodiment; the fourth embodiment
can be combined with not only the second embodiment but
also the first embodiment and the third embodiment. Further-
more, one optical transmitter can include all the components
described in the first to fourth embodiments.

According to an aspect of an optical transmitter described
in the present application, it is possible to maintain an output
waveform regardless of variation in an external factor.

All examples and conditional language provided herein are
intended for the pedagogical purposes of aiding the reader in
understanding the invention and the concepts contributed by
the inventor to further the art, and are not to be construed as
limitations to such specifically recited examples and condi-
tions, nor does the organization of such examples in the
specification relate to a showing of the superiority and infe-
riority of the invention. Although one or more embodiments
of the present invention have been described in detail, it
should be understood that the various changes, substitutions,
and alterations could be made hereto without departing from
the spirit and scope of the invention.

What is claimed is:

1. An optical transmitter comprising:

an optical modulator that converts an input signal into an

optical signal and outputs the optical signal;

acurrent detection circuit that detects an optical absorption

current in the optical modulator;

a drive circuit that drives the optical modulator;

a processor that calculates a voltage to be applied to the

drive circuit on the basis of the optical absorption current
detected by the current detection circuit; and
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an optical-power detection circuit that detects optical
power of a light input to the optical modulator, wherein

the processor calculates a voltage to be applied to the drive
circuit on the basis of the optical absorption current and
the optical power and feedback-controls a voltage
applied to the drive circuit on the basis of an amount of
optical absorption current in the optical modulator to
suppress variations in cross-point and extinction ratio
due to amplitude of the input signal, wherein

the drive circuit controls the optical modulator using the
applied voltage, which is the voltage to be applied to the
drive circuit on the basis of the optical absorption current
and the optical power, calculated by the processor to
automatically compensate an optical output waveform
which has been degraded through the drive circuit in
accordance with variation in the amount of optical
absorption current, wherein

when the processor corrects a result of calculation made by
an operation circuit depending on a decrease or increase
in optical power of a laser diode (LD), the processor
calculates a ratio A, which is a ratio of an optical power
value 1., input from the optical-power detection circuit
to an initial value I, to correct a value of AL, using an
equation

AIP :Ipl

=Lox4

wherein L,, is a photocurrent value, which is a converted
voltage level, and

L, s a reference value of a photocurrent,

and calculates a value of a cross-point control voltage V ,,,,

causing the Al,, to be zero.

2. The optical transmitter according to claim 1, further
comprising a laser diode that generates a light of different
wavelengths and outputs the generated light to the optical
modulator, wherein

the processor calculates a voltage to be applied to the drive

circuit on the basis of the optical absorption current and
the wavelength of the light.

3. The optical transmitter according to claim 1, further
comprising a thermistor that detects a temperature inside the
optical transmitter, wherein

the processor calculates a voltage to be applied to the drive

circuit on the basis of the optical absorption current and
the detected temperature.

4. A waveform compensation method comprising:

converting an input signal into an optical signal and out-

putting the optical signal;

detecting an optical absorption current in an optical modu-

lator;

driving the optical modulator;

calculating a voltage to be applied to a drive circuit on the

basis of the optical absorption current detected by a
current detection circuit; and

detecting optical power of a light input to the optical modu-

lator, wherein

the calculating includes calculating a voltage to be applied

to the drive circuit on the basis of the optical absorption
current and the optical power and feedback-controlling a
voltage applied to the drive circuit on the basis of an
amount of optical absorption current in the optical
modulator to suppress variations in cross-point and
extinction ratio due to amplitude of the input signal,
wherein

the driving includes controlling the optical modulator

using the applied voltage, which is the voltage to be
applied to the drive circuit on the basis of the optical
absorption current and the optical power, calculated by a
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processor to automatically compensate an optical output
waveform which has been degraded through the drive
circuit in accordance with variation in the amount of
optical absorption current, wherein

when the processor corrects a result of calculation made by 5
an operation circuit depending on a decrease or increase
in optical power of a laser diode (LD), the processor
calculates a ratio A, which is a ratio of an optical power
value I,,; input from the optical-power detection circuit
to an initial value 1,5, to correct a value of Al, using an 10
equation

AIP :Ipl

=Lox4

wherein 1, is a photocurrent value, which is a converted
voltage level, and 15

L, is a reference value of a photocurrent,

and calculates a value of a cross-point control voltage V ,,,,

causing the Al, to be zero.
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